maturation.
In recent years, we and others have performed studies
Binding of antigen to B-cell antigen receptor (BCR)
to determine how the B-cell response varies according to leads to antigen internalization and presentation to antigen affinity (Lanzavecchia, 1985 ; Batista and T cells, a critical process in the initiation of the humoral Neuberger, 1998; Guermonprez et al., 1998 ; Kouskoff immune response. However, antigen internalization has et al., 1998) . Working with a soluble, monomeric antigen, been demonstrated for soluble antigen, in vivo antigen we found that for specific BCR-mediated antigen presentais often encountered in insoluble form or tethered to tion to cognate T cells (that rises above the background a cell surface. Here, we show that not only can B cells attributable to fluid phase pinocytosis), the antigen needed internalize and present large particulate antigen to have an affinity greater than~7 ϫ 10 5 M -1 . As the (requiring a signalling-competent BCR to drive antigen antigen-BCR affinity increased, there was a corresponding uptake), but they can also extract antigen that is diminution in the amount of antigen needed to trigger a tethered tightly to a non-internalizable surface. The response, until the ability to discriminate further affinity form in which the antigen is displayed affects the increases disappeared at affinities greater than~10 10 M -1 . B cell's ability to discriminate antigen-BCR affinity.
Thus, affinity discrimination in this situation occurred Thus, arraying an antigen on a particle or surface over a range of~10 6 -10 10 M -1 . allows efficient presentation of low affinity antigens.
However, whereas our (Batista and Neuberger, 1998 ) However, the presentation efficiency of antigen arrayed and most other previous in vitro studies of BCR-mediated on an internalizable particle plateaus at low affinity presentation have focused on soluble antigen, it is likely values. In contrast, extraction and presentation of that the majority of antigens encountered in vivo are in antigen from a non-internalizable surface depends on an insoluble form. Not only may the antigen itself be antigen-BCR affinity over a wide affinity range. The particulate or cellular in nature (e.g. a microbe or virus), results have implications for understanding both the but it is probable that during maturation (and possibly initiation and affinity maturation of the immune initiation) of the response even to soluble antigens the response.
Introduction
can B cells internalize antigen encountered in either soluble or particulate form, but they can also extract Activation of B cells is triggered by interaction of antigen antigen that is tightly bound to a non-internalizable surface. with the B-cell antigen receptor (BCR). BCR fulfils this However, the relationship between presentation and antifunction through two distinct processes: transmembrane gen-BCR affinity differs depending upon the form in signalling and antigen internalization/presentation. Transwhich the antigen is encountered, a finding that is probably membrane signalling through the BCR (reviewed in Reth of importance to our understanding of both the initiation and Wienands, 1997) initiates a cascade of protein tyrosine and affinity maturation of the humoral immune response. phosphorylation and drives the B cell into cycle as well as up-regulating the expression of cell surface molecules involved in B cell-T cell collaboration. Internalization of
Results
antigen through the BCR leads to proteolytic processing of the antigen and loading of antigen-derived peptides
The experimental system we have used is the presentation of hen egg lysozyme (HEL) by HEL-specific B-cell onto major histocompatibility complex (MHC) class II molecules for presentation to T cells and the recruitment transfectants to T cell-specific hybridomas that recognize various HEL peptides in the context of MHC class II. The of T-cell help (Rock et al., 1984; Lanzavecchia, 1985) .
In many ligand-receptor interactions, the receptor need B-cell transfectants express one of two BCRs (D1.3 and HyHEL10; reviewed in Davies and Padlan, 1990 ) that only discriminate the high affinity ligand from low affinity, irrelevant molecules. However, with lymphocytes, the bind distinct sites on HEL and exhibit a Ͼ100-fold difference in affinity (Table I ). The HEL antigen itself receptor needs to give a graded response dependent on The derivation of the HEL mutants and references for the affinity determinations for wild-type lysozymes are provided in Batista and Neuberger (1998) . The mutations described that diminish D1.3 binding have little effect on the affinity for HyHEL10, HyHEL5 or F10; a similar result applies to the mutations designed to diminish HyHEL10 binding, except for the R 21 →A substitution, which causes a small reduction in affinity for D1.3 (Batista and Neuberger, 1998) .
was provided in three formats: as soluble monomer, displayed on beads or tethered to a plastic plate.
Presentation of particulate antigen
As a form of particulate antigen, HEL was bound onto 2.8 μm streptavidin-coated beads by use of a biotinylated anti-HEL monoclonal antibody (mAb) bridge. Incubation of these HEL-coated beads with transfectants of the LK35.2 B-cell lymphoma that expressed either the D1.3 or HyHEL10 HEL-specific BCR led to efficient antigen presentation as judged by interleukin 2 (IL-2) production from a co-cultured T-cell hybridoma ( Figure 1A ). It is likely that the bulk of the presentation is due to internalization of the beads by the B cells. Such uptake of particulate antigen by B cells can be observed under the microscope and has been described previously (Lombardi et al., 1987; Vidard et al., 1996) . A major role for scavenging of spontaneously dissociated antigen is unlikely since presentation is diminished substantially if the mAb bridge and BCR recognize the same epitope on HEL ( Figure 1A ). substituted by corresponding portions of MHC class I) is highly compromised in its ability to mediate presentation of HEL-coated beads whilst well able to mediate presentation of soluble HEL ( Figure 1C ). This reflects a need for functional immunoreceptor tyrosine-based activation motifs (ITAMs), since an IgM-β chimera (which is a derivative of IgM-H2 but with the cytoplasmic domain substituted by that of Ig-β) is active whereas an IgM-β with a mutated ITAM is ineffective ( Figure 1D ). The fact that functional ITAMs are required for presentation of particulate but not soluble HEL is interpreted most readily by proposing that whereas constitutive endocytosis appears sufficient to deliver monomeric HEL for presentation (Aluvihare et al., 1997) , the uptake of HEL-coated beads is essentially a phagocytic effect and depends upon functional ITAMs in the same way as, for example, uptake of immune complexes through FcγRIII (Daeron, 1997) . If this interpretation is correct, one would expect that degradation of the particulate antigen should also be dependent on the BCR having functional ITAMs and that the process would be sensitive to tyrosine kinase inhibitors. This is indeed the case. Degradation of both HEL itself and of the antibody used to tether it to the bead is a timeand temperature-sensitive process that requires a functional BCR and which can be blocked by genistein ( Figure 2 ).
Affinity-dependence of the presentation of particulate antigen
It is notable that the HyHEL10 BCR presents soluble HEL much more effectively than does the D1.3 BCR, whilst little discrimination between the two BCRs is evident when they are provided with HEL coupled to beads ( Figure 3A ). This probably reflects that presentation of soluble and particulate antigens has a differential dependence on antigen affinity. To confirm this, we compared presentation through the HyHEL10 BCR of wildtype HEL with that of a mutated HEL ( , which exhibits a 100-fold reduction in affinity for HyHEL10 (Table I) . Wild-type HEL was far better both encountered as soluble monomers, but no discrimina-HEL-coated beads in the culture, we wondered whether affinity discrimination could be obtained by diminishing the concentration of antigen on each bead. This does not appear to be the case. Antigen presentation is very dependent on the concentration of antigen on the bead and falls off rapidly at low antigen densities. However, affinity discimination in this situation is not enhanced evidently by decreasing antigen density ( Figure 3C ). The likely explanation for this observation is that a minimum density of antigen on the bead is needed to give the degree of BCR clustering required to trigger the phagocytosis; this density is high enough such that even a low affinity antigen will yield sufficient avidity when arrayed on the bead to give specific B-cell binding. Thus, arraying the antigen on a bead allows efficient presentation of very low affinity antigens that bind BCR too weakly for specific presentation (above the background of fluid phase pinocytosis) to be achieved when encountered as a soluble monomer. However, arraying the antigen on the bead also means that there is little affinity discrimination at affinity values much greater than 10 6 M -1 .
Presentation of immobilized antigen
The role of B-cell-mediated antigen presentation in affinity maturation is not fully defined. It is possible that affinity discrimination is effected solely by differential transmembrane signalling through the BCR, with presentation merely serving to ensure that the high affinity B cell selected in this way still displays a peptide epitope in its MHC that can recruit T-cell help. Alternatively, the (ii) The lower panels show presentation of these mutant lysozymes through the D1.3 BCR (left-hand panels) as well as through the HyHEL10 BCR (control, right-hand panels) when encountered arrayed on a bead. The lysozymes were arrayed at various densities on streptavidin-coated beads by use of a biotinylated HEL-specific mAb bridge that was established by incubating 10 7 streptavidin-coated beads in 1 ml of PBS/BSA/Tween with biotinylated F10 mAb at concentrations of 5 (filled symbols), 1.67 (half-filled symbols) or 0.56 (open symbols) μg/ml prior to loading with saturating amounts of HEL. Presentation in (i) was monitored using 2B6 T cells, and in (ii) using 1E5 cells. HEL [Q 121 ] gives a slightly reduced amplitude of IL-2 production from 1E5 T cells with both D1.3 and HyHEL10 transfectants, possibly reflecting the proximity of the Q 121 mutation to the T-cell epitope recognized; this same reduction is not evident when the presentation of several other T-cell epitopes is monitored. phase uptake (see Figure 5D ).
increased ability of a high affinity B cell preferentially to scavenge and internalize the antigen for loading onto MHC class II could form part of the competitive process driving affinity maturation. If the latter proposal is correct, then the results with the HEL-conjugated beads suggest that particulate antigen or, for example, iccosomes (Szakal et al., 1988) are unlikely to be the form of antigen that drives affinity maturation. Since antigen is retained in the germinal centre bound to the surface of follicular dendritic cells via complement or Fc receptors (reviewed in Möller, 1980) , we were interested in asking whether B cells were able to extract antigen immobilized on a surface.
Extraction of tightly tethered antigen
To investigate whether such extraction was possible and, if so, study the parameters governing it, we devised an assay in which the HEL antigen was displayed tethered to a non-internalizable surface, i.e. a plastic plate. The high affinity HyHEL10 BCR was well able to extract HEL antigen that had been tethered to the plate via the medium affinity D1.3 anti-HEL mAb ( Figure 4A ). This extraction could also occur if the extracting BCR was of relatively weak affinity and the tethering was strong. Thus, the D1.3 BCR could extract HEL tethered by HyHEL5 or HyHEL10 mAb, and both the HEL-specific BCRs could extract biotinylated lysozymes that had been tethered by the biotin-steptavidin interaction ( Figure 4B μ which has an affinity Ͼ10 13 M -1 (Green, 1990) . for this extraction, although it does appear to confer some advantage ( Figure 4E ). presentation when encountered as soluble monomer ( Figure 5B ; Table I ). Thus, tethering the antigen on Affinity-dependence of antigen extraction the plate has lowered the threshold for specific antigen The extraction also shows great differences from the presentation whilst maintaining a wide window of affinity presentation of particulate antigen with respect to its discrimination. It is also notable that the degree of affinity dependence on antigen affinity. Analysis of the presentadiscrimination is often greater at lower concentrations of tion of HEL mutants through the HyHEL10 BCR revealed tethering antibody. that the extraction of tethered antigen was sensitive to antigen affinity even in the high (5 ϫ 10 8 M -1 -5 ϫ 10 10 Discussion M -1 ) affinity range ( Figure 5A ; Table I ). Experiments using the D1.3 BCR revealed that this affinity discrimination also B cells can internalize and present antigen that has been encountered in soluble form, as particles or when tethered extends through to the low affinity range ( Figure 5B) . Furthermore, tethering the antigen on the plate allows to a non-internalizable surface. The dependence of the efficiency of presentation on antigen-BCR affinity differs specific presentation through the D1.3 BCR of an antigen (TEL) whose affinity (Ͻ10 6 /M) is too low for specific for these three forms of antigen. The ability of B cells to present particulate antigens that has been tethered to a non-internalizable surface is, however, a novel finding. Whilst, as discussed in Results, has been noted by several groups, and convincing evidence has been put forward demonstrating that this presentation we cannot exclude the possibility that extracellular proteolysis of the antigen by the B cell or the scavenging of occurs by way of particle internalization (Malynn et al., 1985; Lombardi et al., 1987; Zhang et al., 1988; Vidard antigen that has dissociated spontaneously from the tether contribute to antigen extraction, it is unlikely that these et al., 1996) . However, uptake of particulate antigen has not been noted in all studies (Galelli et al., 1993) and its processes play a dominant role. Rather, the evidence points to the major role being played by BCR-mediated efficiency probably depends on the nature and size of the particle as well as on the nature and differentiation stage wrenching of the antigen from its tether. It is notable that a weak BCR apparently can wrench a tightly tethered of the B cell analysed. In addition, it is clear that the presence of a signalling-competent antigen-specific BCR antigen from the plate. Clearly the effect is cumulative: any antigen that is wrenched from its tether, even for a is needed to drive the efficiency of the process. Furthermore, our results show that the presentation of particulate short time, can be internalized and processed. It may at first sight seem surprising that a low affinity BCR can antigen by B cells depends critically upon the density of antigenic epitopes on the particle, a feature that appears extract an antigen that is tethered tightly to the plate in cases where the affinity difference is of several orders of more important than the individual affinity of these epitopes.
magnitude (Figures 4 and 5) . However, the BCR-antigentether interaction is not a static one. The BCR is part of The ability of B cells to extract and present antigen the B-cell surface, and the large, motile nature of the cell intimate contact between the B cell and the plate, probably does not lead automatically to antigen extraction. The may cause distortion of the antigen (and diminution of antigen-tether affinity) as a consequence of BCR binding. efficiency of the extraction will probably still depend on the quality of individual BCR-antigen interactions. Indeed, recent experiments using dynamic force microscopy have revealed that the dissociation half-life of the Whilst these studies on the affinity dependence of different forms of antigen presentation necessarily were biotin-streptavidin interaction can be reduced readily from several days to~1 ms if it is subjected to a force of 5 pN performed in vitro, they have likely implications for our understanding of in vivo processes. For example, the at a slow loading rate (Merkel et al., 1999) . A simplified analysis ignoring buoyancy and other confounding effects analysis of presentation of HEL-conjugated beads suggests that, in vivo, even B cells bearing low affinity BCRs may suggests that a B cell restrained on a steep antigen-coated incline by a dozen BCR molecules will exert a force of be able to internalize and present viruses or microbes providing they have a sufficient density of epitopes on this order on each of the antigen-BCR pairs simply by virtue of the cell's weight. their surface. A high affinity B cell would show little competitive advantage over one with a medium affinity With regard to the affinity threshold, soluble monomeric antigen in the assay systems described here needs an BCR in this regard. Affinity maturation is therefore unlikely to be driven by competitive BCR-mediated affinity of greater than~7 ϫ 10 5 M -1 if the BCR is to mediate presentation at a concentration of antigen lower internalization of free virus/microbe (or vesicularized cell fragments such as iccosomes). Rather, our experiments than that needed for presentation by non-specific fluid phase pinocytosis (Batista and Neuberger, 1998) . The with immobilized antigen raise the possibility that BCRmediated extraction of antigen tethered to a cell surface results reveal that this threshold can be lowered substantially by arraying the antigen on the surface of a particle via complement or Fc receptors could well play a role in the maturation of the response: affinity discrimination or of a plate. This presumably is due to the increased avidity of the antigen-BCR interaction, a similar effect with tethered antigen is still evident in the high affinity range. Indeed, such discrimination was most evident when being achievable by oligomerizing the antigen in solution by use of specific antibody (Batista and Neuberger, 1998) .
the density of tethered antigen was sparse, a situation that will probabaly pertain during the later stages of the All these forms of antigen array will allow B cells to recognize low affinity antigens that would otherwise be immune response. Finally, whilst a role for presentation (as opposed to BCR-mediated signalling) in driving affinity below the detection threshold.
When the antigen is arrayed on a bead, the efficiency maturation remains to be established, it is interesting to note that if such presentation works by way of the of presentation is critically dependent on the surface density of the antigen array, a similar density being extraction of tethered antigen, then the process will be likely to select for linkage between B-and T-cell epitopes required for both low-and high-affinity antigen. This observation is interpreted most reasonably by proposing (a situation that would not obviously pertain when particulate or vesicularized antigen is phagocytosed). This could that a minimum degree of BCR clustering is needed to trigger phagocytosis of the bead. As discussed above, the prove of benefit for the avoidance of autoimmunity. avidity increase effected by antigen array probably lowers the affinity needed for antigen uptake. A relatively low
Materials and methods
affinity might give a sufficient avidity and stability of bead-cell association to allow bead internalization and
Cell lines
Mouse B-cell lymphomas A20 (IgG2a, κ; H2 d ) and LK35.2 (IgG2a, κ; subsequent presentation. Presumably, once such a stability H2 kxd ) are described in Kim et al. (1979) and Kappler et al. (1982), of interaction is achieved, little is to be gained from respectively. Transfectants of these lymphomas that express HEL-specific further reduction in the antigen-BCR dissociation rate.
IgM BCRs or IgM-H2 chimeras with the V H and V L regions deriving This presumably accounts for the low ceiling to affinity from the D1.3 or HyHEL10 hybridomas have been described previously discrimination that we have observed for the presentation (Aluvihare et al., 1997; Batista and Neuberger, 1998) . The HEL-specific IgM-β chimeras (with or without a Y→L mutation in the membraneof antigen densely coated on a bead. A distinction between proximal cytoplasmic tyrosine) were assembled by replacing the NPdifferent beads, however, may well be effected if they specific V H domains of the chimeras described in Patel and Neuberger differ in the density of antigen coating. (1993) with V H of D1.3, and were the gift of Petra Budde. Transfectants Arraying antigen on a non-internalizable surface, as were established by electroporation, cloned by limiting dilution with expression of the transfected genes analysed by flow cytometry and with the beads, facilitates specific presentation of low cultured as described previously (Batista and Neuberger, 1998). affinity antigen. Presumably, the avidity of the arrayed et al., 1993) were kindly provided by L. Adorini. observed with beads, the efficiency of extraction and presentation of antigen arrayed on a non-internalizable Antigens surface is sensitive to antigen-BCR affinity over a wide HEL and TEL were purchased from Sigma and, if required, biotinylated affinity range, plateauing at affinities Ͼ10 10 M -1 , similar using sulfo-NHS-LC-LC-biotin (Pierce). Mutant lysozymes were preto what is seen with monomeric soluble antigen. The pared using a plasmacytoma expression system as described previously (Batista and Neuberger, 1998) . Lysozymes were bound onto streptavidinreason for this distinction is probably that with a bead it coated beads by mixing 7 ϫ 10 7 streptavidin Dynabeads™ (2.8 μm is sufficient for the antigen-BCR interaction to bind the diameter; Dynal) in 1 ml of phosphate-buffered saline (PBS)/2% bovine bead to the B cell: internalization and presentation will serum albumin (BSA)/0.01% Tween with either saturating amounts of then result. However, interaction between the BCR and biotinylated HEL (50 μg) or with various concentrations of biotinylated anti-HEL mAb (in the range of 0.1-5 μg) followed by saturating antigen tethered to a plate, whilst sufficient to form an
